The liquid holdup study has been carried out on a two-dimensional cold model under non-wetting condition with lateral gas injection as it is done in the blast furnace. Non-dimensional numbers for both, cold model and blast furnace have been determined. The measurements of static and dynamic liquid holdups were made under different gas and liquid flow rates using two particulate materials of various diameters. Few experiments were performed under dry and wet bed conditions to ascertain the effect of bed history. Holdups results have been compared with the existing correlations available in the open literature. It is found that existing correlations are unable to predict the correct liquid holdup under the blast furnace conditions.
Introduction
The proper knowledge of liquid holdup in the trickle bed reactors is utmost important for running them efficiently. The knowledge of liquid holdup besides providing useful information on liquid residence time and operating bed porosity would be very helpful in developing a proper numerical model and thus in interpreting the heat, mass and momentum transfer results in a trickle bed reactor. Therefore, to understand flow behaviour of these reactors one needs to know not only the correct total liquid holdup but also its distribution inside the bed. The former one is easy to measure however later one is very difficult. Broadly, the total liquid holdup can be divided into two parts. The liquid that is flowing out of the bed after stopping the inflow is called as dynamic holdup. The amount of liquid that still remains with the bed is called static liquid holdup.
Abundant literature is available on the liquid holdup in chemical engineering discipline. [1] [2] [3] [4] [5] [6] [7] However, the conditions in metallurgical systems are quite different 8) such as they are mostly non-wetting in nature, higher liquid density, low superficial velocity of liquid, etc. Few researchers [9] [10] [11] [12] have reported the data on liquid holdup pertaining to metallurgy. Some researchers 10) have used mercury as liquid to study the holdup. Fukutake et al. 12) have done a comprehensive study on liquid holdups both in presence and absence of air. Recently, Usui et al. 13) have done holdup study in presence of air using stationary and moving beds. However, their packed bed conditions were wetting in nature while in metallurgy flow is non-wetting. Fukutake et al. 12) used both wetting and non-wetting conditions. All these studies were concentrated either under co-current or counter-current conditions. However, most metallurgical reactors such as blast furnaces, Corex etc. have both cross (gas flow is perpendicular to the liquid flow) and counter-current (gas and liquid flow are in opposite direction to each other) flow conditions as shown in Fig. 1 . From this figure it is obvious that liquid flow near the tuyere and towards the deadman zone along the tuyere line can be considered under cross flow condition while above the tuyere line and raceway it can be considered as counter-current flow. As such, no liquid holdup study is available under the combined flow conditions. To understand the liquid holdups under combined flow conditions will help to improve the numerical models such as force balance model. l4,18) Therefore, in this article, an attempt has been made to study the liquid holdup under combined and non-wetting conditions which would be applicable to metallurgical systems. Also, liquid holdup study has been made for saturated and unsaturated beds. Results have been compared with the existing correlations available for counter-current flow under non-wetting condition. Implication of this study to ironmaking blast furnace has been discussed.
Experimental Plans
As it is mentioned that this study is concentrated to find out the liquid holdup in metallurgical systems particularly considering the ironmaking blast furnace as an example. Therefore, before planning to perform any experiment, one has to identify the proper dimensionless numbers which may influence the liquid holdup and keep the magnitude of these numbers, as far as possible during the experiments, same as it is in the blast furnace. The important forces that will affect the liquid holdup are gravitational, inertial, viscous and surface forces. This gives the following dimensionless numbers Where, u is superficial liquid velocity and u g is gas blast velocity. D p is particle size, e is bed void fraction, r l is liquid density, m l is liquid viscosity, f is particle shape factor and s is surface tension. Subscript 'm' indicates modified. All the parameters have been defined in nomenclature. Under geometrical similarity, aspect ratio between the two (blast furnace and cold model) has been maintained. Aspect ratio was taken as the ratio of length of the dropping zone to the radius of dropping zone. A comparison of all these numbers is shown in Table 1 .
Experimental Set-up
A schematic diagram of the two-dimensional cold model, used in the experiment, is shown in Fig. 2 . The perspex box was 885 mm high, 400 mm wide and 34 mm thick and was made from 12 mm thick perspex sheet supported by iron bar reinforcement to prevent outward bulging. A 2 mm aperture stainless steel screen supported the bottom of the packed bed. A slot tuyere, spanning the whole thickness of the equipment was protruded 50 mm into the bed. Tuyere opening was 5 mm in all experiments and was located 144 mm above from the bottom of the apparatus. Another large rig was used for limited experiments under dry and wet bed conditions. The dimensions of the big rig were 2 100ϫ1 000ϫ100 mm. Tuyere opening was 6 mm and located 560 mm above from the bottom of the apparatus.
Water to model the liquid iron flow, was supplied from a constant head tank through eight rotameters above the bed. The rotameters were all identical with flow range of 0.01 to 0.1 lpm. The rotameters were equally spaced at the top of the apparatus having a distance between them 45 mm. The flow rate to each rotameter was independently controlled so that the liquid distribution profile at the top of the bed could be varied. Water was collected in separate collecting boxes at the bottom of the packed bed to measure the liquid hold up in the bed. There were 8 collection boxes of dimensions 50 mm wide and 120 mm height. In big rig, ten rotameters at the top were equally spaced having distance between them 40 mm and thus covering about 450 mm distance from the tuyere side wall.
The gas used in all experiments was air. Air was supplied using a rotameter. The range of the rotameter was from 150 to 1 500 lpm at atmospheric pressure. Airflow to the tuyere, through air rotameter, was supplied by a compressor as shown in Fig. 2 . For big rig, the flow rate was measured by a variable area flowmeter corrected for any pressure effects.
One particulate solid (spherical plastic beads) was used for the experiments on small apparatus. Two diameters (2.1 and 5.8 mm) of plastic beads were used during the experiments. Cylindrical polyethylene beads, having length to diameter ratio 1 and volume equivalent size of 4.1 mm, were used for the large rig. Room temperature water was used to model the liquid flow. One percentage sodium chloride solution was used to measure the static liquid holdup.
Experimental Procedure
The apparatus was filled with the plastic beads to a height of 530 mm above the tuyere level. To clear the tuyere of the beads, air was gradually increased until the point at which the raceway just began to form then it was shut off immediately. This procedure was necessary to clear the tuyere opening from the beads for smooth flow of air. With the air off, the liquid flow was turned on for 30 min before the start of the experiments to establish the steady holdup. Equal water flow rates were maintained in each rotameter. Once the steady state was established (by confirming the amount of liquid collected in each box during the same interval was constant), the airflow to the tuyere was turned on and was increased gradually until the raceway just began to form. The apparatus was left in this condition for about 30 min to establish the steady state liquid hold-up. The water flow rate at each collection box was measured to ensure steady state. A constant liquid level was maintained in the collecting boxes during all the experiments to make sure that there is no escape of air from the bottom of the apparatus. This procedure ensures that air goes out only from the top of the apparatus and does not disturb the flow conditions inside the bed.
To measure the dynamic liquid holdup, after the rate of liquid outflow in presence of air became steady, liquid supply through the rotameters was stopped and simultaneously liquid collection was started at the bottom of the apparatus for one hour to make sure that all the dynamic liquid drained from the bed was measured. In order to maintain the state of the bed same, the gas flow was kept unchanged after the liquid supply was stopped.
To measure both dynamic and static liquid holdup, 1 % sodium chloride solution was used instead of pure water as a liquid. Dynamic liquid holdup was measured as above. After finishing the measurement of dynamic liquid holdup, the bed was filled up with a known quantity of water and then drained for an hour. The drained water was collected at the bottom of the rig. The volume of the collected water was measured.
As mentioned before that experiments have also been done for dry and wet bed conditions using large apparatus. Under dry bed conditions, the apparatus was filled up with the dry beads to a height of 1 000 mm above the tuyere level and the above mentioned procedure was followed to measure the dynamic and static liquid holdups in presence and absence of air flow. Under wet bed conditions, the apparatus was filled up with the desired size beads to a height of 1 000 mm above the tuyere level and then bed was filled up with water and then drained to make sure that bed is fully wet. After that the same procedure was followed as described above to measure the dynamic and static liquid holdups.
All the experiments performed on a small rig were under dry conditions. However, experiments done on a big rig were under both wet and dry conditions.
All the experiments were repeated. Gas flow rate was varied from 0 to 400 lpm for small apparatus and 0 to 2 500 lpm for big apparatus. Similarly, liquid flow rate was varied from 0.01 to 0.07 lpm from each rotameter. Only one liquid flow rate (0.05 lpm) was used in all the experiments on large rig. Three particle diameters (2.1 and 5.8 mm for plastic beads and 4.1 mm for polyethylene beads) were used. Two particulate materials were used. Properties of the packing materials are given in Table 2 .
Estimation of Liquid Holdup
Static holdup is determined by estimating the tracer content of the washed liquid. If C 0 is the initial concentration of tracer (sodium ion), g/mL, L is the volume of washed liquid, m 3 , and C 1 is the concentration of the tracer, g/mL, in washed liquid, then static holdup volume can be calculat- 3 )ϫ 100) and gas flow rate at various liquid flow rates. Note that the minimum gas flow rate at which raceway just began to form was 250 lpm for 2.1 mm size plastic beads. This figure shows that as the gas flow rate increases total liquid holdup is increased. Also total liquid holdup increases with liquid flow rate. However, the increment in total holdup is more at higher liquid flow rate than at lower particularly in presence of air. This behaviour of holdup is in agreement with the observations made by other researchers. 1, 9) The reason of this is explained below.
In the absence of gas flow, liquid occupies some stagnant pockets (points between the contact of particles) and resides there and rest of the liquid trickles down towards the bottom of the apparatus. Once the flow is steady, liquid follows the predetermined path and static and dynamic holdups become constant. As one increases the liquid flow rate, more liquid streams/rivulets/droplets are formed (due to coalescence and breaking) and trickle down towards the bottom. Due to formation of more rivulets, they cover more bed area and contact points (between the particles) while trickling down, therefore, one can expect an increment in both the static and dynamic holdups. The formation of more rivulets/droplets at higher flow rate has been confirmed by others 8, 16) using X-ray visualization technique. However, the above situation changes when the air is introduced. As soon as the air is introduced, the gas drag tries to push the liquid rivulets from their original position. This situation have been well represented by Gupta et al. 8, 14) force balance model, which have been applied by many other researchers. 17, 18) Note that there are three forces acting on the rivulet/droplet viz., gravity, bed resistance and gas drag. Gravity force is almost constant for a given rivulet/droplet in the packed bed. Therefore, when the liquid is pushed away by gas drag from its original position then the liquid is shifted to another equilibrium position. This means, it will come in contact with other particles during trickling down to bottom and thus more static holdup as seen in Fig. 4 . However, one may not expect increase in dynamic holdup significantly at low flow rate which is evident from Fig. 5 . This is because at low liquid flow rate, there is sufficient void space in the bed so that gas may pass through it without much resistance. However, at a constant liquid flow rate if one increases the gas flow rate then the gas drag is going to push the liquid rivulet/droplet further and thus blocking the more pores in terms of static holdup. This situation will worsen at each increment of gas flow rate and more and more resistance would be faced by gas due to liquid and vice versa. Due to this the liquid residence time is also increased in the packed bed and thus the more accumulation of dynamic holdup. If we increase either flow rate i.e. air or liquid, the situation will deteriorate further as it is obvious from Fig. 5 . Soon a situation will come that it may become difficult for the gas to pass through the pores and then it has to pass through the liquid in the form of bubbles which may eventually lead to the flooding of the packed bed. Figure 6 shows the effect of particle size on total liquid holdup both in absence and presence of air at constant liquid flow rate. One can see that as the particle size increases the total liquid holdup decreases. This is expected because as the particle size increases the number of contact points between them where the liquid resides, and particle surface area for liquid flow decreases and thus the total liquid holdup. Due to less contact points one can expect decrease in static holdup as shown in Fig. 7 . Also, due to increase in particle diameter, pore size increases which means less resistance will be experienced by both liquid and gas. Therefore, one can see a less influence of gas flow rate on the total liquid holdup in case of larger size particles bed than small size particles (Fig. 6) . Because the pore size has increased and thus the surface area has decreased, therefore, dynamic holdup has decreased for larger size particle as shown in Fig. 8 .
The effect of liquid flow rates on total holdup, at constant gas flow rate, for different size of particles is shown in Fig.  9 . Again, the total liquid holdup is low for larger size particle at lower liquid flow rate. However, it increases rapidly as the liquid flow rate is increased and approaches to smaller size particle's total holdup. Note that the gas flow rate is maximum and constant. Sudden increase in liquid holdup also indicates that there would be higher pressure drop in the column. If one keeps on increasing either the liquid or gas flow rate, then bed will get flooded eventually as explained before. Same trend was observed for the static and 9 . Effect of liquid flow rates on total liquid holdup for different particle size packing at constant gas flow rate. dynamic liquid holdups. Figure 10 shows the dynamic liquid holdup for both dry and wet bed conditions in presence and absence of air. Polyethylene beads of 4.1 mm equivalent diameter and big rig were used during the experiments. The dynamic liquid holdup is more than 50 % higher in wet bed condition than dry bed. A similar trend was found in case of static holdup between the dry and wet beds. It was almost twice in wet bed condition than in the dry bed. Therefore, the history of the bed is very important in determining the liquid holdups. These are expected results and can be explained as before. Figure 11 shows a comparison between the predicted values, obtained from the various correlations, and experimental values of static liquid holdup. Following correlations were used as these have been used widely to model the blast furnace. Cp m
Ϫ0.387
Niwa et al. 19) ........... (9) where, Cp m ϭr l gd p 2 f 2 /{s(1Ϫe) 2 (1ϩcos q)}. A large difference between the experimental and predicted static liquid holdup values is evident using Fukutake et al. 12) and Niwa et al. 19) correlations. This indicates that these correlations are not good enough to capture the physics of liquid holdups. One of the major drawbacks of both the correlations in predicting the static holdup is that they are independent of liquid velocity which is not the case in actual practice. Many other researchers 13) have reported that as the liquid flow rate is increased both the static and dynamic holdups are increased.
The following correlations were used for the dynamic liquid holdup. Where, N c is dimensionless interfacial forceϭ1ϩcos q. It can be seen from Fig. 12 that there is a large difference between the predicted and experimental dynamic liquid holdup. However, correlations values show the same trend as experimental. Note that Fukutake et al. 12) correlation underestimates the dynamic liquid holdup. On the other hand it overestimates the static holdup under the same conditions. Clearly, more study is needed to understand these holdups under the blast furnace conditions.
Discussion
Most of the earlier works, though only limited, on the liquid holdup in metallurgical conditions have been done under counter-current and not in combined flow conditions which is the actual situation in the blast furnace dropping zone. Of course, combined conditions contribute more towards flow maldistribution than counter-current. 20) This may affect the results significantly. Some of the previous researchers 9, 11) have used very high fluid velocity which is not relevant to metallurgical systems. Also, there is a possibility of the wall effect contribution on previously reported holdups results as most of them had the ratio of apparatus diameter to particle diameter less than 10. In fact as such this ratio should be more than 12 to avoid the wall effect. 21) It was also found that static holdup was more in presence of air than in absence of air which is evident from Fig. 4 , though there is no noticeable change in the dynamic holdup at low air flow rate. In counter-current flow, one does not get much increment in the static liquid holdup at low gas and liquid flow rates. 9, 13) This is because, the gas is passing uniformly throughout the cross sectional area of the apparatus. Therefore, less resistance is experienced by liquid and no appreciable shift occurs. However, in our experiments gas is introduced through a nozzle which has a very high velocity at the exit of the nozzle. Although, the superficial gas velocities are same in both cases i.e. in combined and counter-current flow. Due to this high exit velocity, liquid near the nozzle experienced higher gas drag. Therefore, when gas drag pushes the liquid even slightly it is exposed to new dry bed areas which contribute towards the static holdup. Also, we believe that there was plenty of liquid holdup just residing above the raceway. Because during the dynamic holdup measurements, air flow rate was kept on. Therefore, this holdup did not get chance to trickle down due to the balance between the three forces as discussed before. Of course, few researchers 14, 22) have taken the X-rays photographs of the bed under dynamic conditions which clearly show the evidence of large amount of liquid residing at the top of the raceway.
In the blast furnace it may be possible that liquid iron and slag falling above the raceway is pushed behind the raceway towards the refractory wall. However, in 2D model this effect can not be seen. Much of the liquid, near the raceway zone, would be pushed away towards the deadman region.
From the results of dry and wet bed it can be concluded that liquid holdups are dependent on the bed history. In blast furnace coke bed moves downward due to which renewal of contact points between the particles is expected and thus the diversion of the rivulets/droplets. Therefore, we believe that in the blast furnace, condition of the coke bed would be in between the dry and wet beds.
It has been pointed out, recently, by few researchers [23] [24] [25] [26] [27] that raceway shows hysteresis and decreasing gas velocity results are relevant to blast furnace. Therefore, the liquid holdup results presented in this article may not be valid completely. Certainly, liquid holdup study is needed in decreasing velocity. However, it has been found 27) that moving bed condition is applicable to the decreasing gas velocity. Therefore, liquid holdup results obtained in moving bed may be applied to blast furnace provided the experiments have been performed under blast furnace conditions i.e. non-wetting, high liquid density, low liquid flow rate, etc.
Conclusions
The liquid holdups study under non-wetting conditions with lateral gas injection shows that static and dynamic holdups obtained in the above condition are different than obtained under counter current conditions in non-wetting bed. Therefore, existing correlations do not predict the correct behaviour of static and dynamic liquid holdups. It is also found that the bed history, whether it is dry or wet bed, is important in determining the total liquid holdup. More study is needed in this direction. 
